r Maternal training during gestation enhances offspring body composition and energy substrates handling in early adulthood.
Introduction
Initially based on epidemiological studies from Barker and colleagues (Barker et al. 1989) , the developmental origins of health and disease (DOHaD) concept suggests that environmental conditions during the gestational and perinatal periods may increase the susceptibility to many metabolic diseases in adulthood. Thus, many observational and experimental studies have established a link between a poor maternal nutritional environment and a low birth weight with a higher susceptibility to develop several diseases in adulthood such as cardiovascular diseases (Barker et al. 1989; Osmond et al. 1993; Frankel et al. 1996) , hypertension (Barker et al. 1992 ; Leon et al. 1996) , insulin resistance and hyperinsulinaemia Phillips et al. 1994) , pancreatic islets dysfunction (Dahri et al. 1991; Garofano et al. 1997) , Type 2 diabetes mellitus (T2DM) (Hales et al. 1991; Lithell et al. 1996) or metabolic syndrome ). In the same way, maternal obesity increases offspring susceptibility to obesity, cardiometabolic diseases and metabolic syndrome (Barker, 1998; Ghosh et al. 2001; Taylor et al. 2005; Hanson & Gluckman, 2014) . Regular physical activity is known to help with weight loss and to decrease susceptibility to T2DM by increasing insulin sensitivity and non-insulin-stimulated glucose uptake (Wojtaszewski et al. 2000; Richter et al. 2004) . Moderate aerobic exercise during healthy pregnancy has no detrimental effects on the mother's health (Clapp, 1991; Wolfe et al. 1994; Platt et al. 2013) and has been reported to positively impact the cardiovascular system and to reduce the incidence of gestational diabetes (Ruchat et al. 2012; Cordero et al. 2015; Mottola & Artal, 2016) . The effect of maternal exercise training on offspring has been less studied and appears to be more controversial. It has positive and/or negative effects on offspring birth weight, body composition, and cardiovascular and cognitive functions, depending on the exercise parameters (Clapp et al. 2002; Hopkins et al. 2010; Dayi et al. 2012; Newcomer et al. 2012; Raipuria et al. 2015) . Moreover, there have been few studies on the metabolic consequences of maternal exercise training on the offspring whatever its age. In rodents, voluntary maternal training using running wheels improves offspring glucose tolerance, insulin sensitivity and body composition (Carter et al. 2012 (Carter et al. , 2013 Stanford et al. 2015; Vega et al. 2015) . In addition, compulsory treadmill training before and during gestation is associated with a better pancreatic islet insulin secretory capacity in offspring at weaning (Quiclet et al. 2016) . These positive effects of maternal exercise have also been reported with high-fat diet consumption in offspring. Indeed, voluntary maternal exercise may protect the offspring from obesity and liver steatosis, with a better insulin sensitivity and glucose tolerance when fed a high-fat diet (Wasinski et al. 2015; Sheldon et al. 2016) . Our hypothesis is that such apparent better glucose handling ability in offspring could be due to either a better functioning of the pancreas or changes in the metabolism of the main tissues utilizing glucose, i.e. liver and muscle, in response to chronic exercise done by the mother before and during gestation. Therefore, we investigated how a chronic submaximal endurance treadmill exercise done before gestation and during all the gestational periods would act on the young adult offspring pancreatic function, as well as on its liver and muscle metabolism, to determine their contribution in the overall glucose handling.
Methods

Ethical approval
All experimental procedures were carried out in accordance with European Directive 2010/63/UE and complied with the principles and standards for reporting animal experiments in The Journal of Physiology (Grundy, 2015) . They were reviewed by the local Institutional Ethics Committee for Animal Care and Use (LBFA-U1055-KC-01) and authorized by the French Ministry of Research. Rats were anaesthetized by an I.P. injection of sodium pentobarbital (5 mg (100 g) −1 body weight) and killed by decapitation.
Animals
Fifteen-week-old nulliparous female Wistar rats (Charles River Laboratories, Saint Germain-Nuelles, France) were housed three per cage with access to food (A03, SAFE Diets, Augy, France) and water ad libitum. The animal facility was thermoneutral (22 ± 2°C) and on a 12 h:12 h light/dark cycle. After a 1-week acclimatization period, female rats were assigned to either a sedentary (Control, CT, n = 10) or trained (Trained, TR, n = 9) group. Body weight and food consumption were measured once a week during breeding and pregnancy. Trained females were exercised using a motorized treadmill (Bioseb, Vitrolles, France) 5 days per week during the 4 weeks before gestation and during the first 18 days of gestation. Sedentary female rats were kept in their home cage. During the first 3 weeks of training, the speed and the duration of the exercise session were gradually increased to reach a speed of 25 m min −1 corresponding to 55% of their maximal aerobic speed for 60 min (Quiclet et al. 2016) . After 4 weeks of controlled exercise, male Wistar rats were housed for 1 week with females from each group for mating purpose. The males did not exercise at any stage of the study. Vaginal smears were performed every day until spermatozoa were found as a sign of the first day of gestation. Forty-eight hours after birth, litters were culled to eight pups. To ensure the maximum number of males per litter, pups were cross-fostered between litters from the same group and age. Only male pups were considered in the study to avoid the additional confounding influence of hormonal variations. Mothers from the TR group did not exercise during nursing. Pups were weighed on postnatal days 7, 14 and 21 (D7, D14, D21). At weaning, pups from each group were separated in two groups. Half of the animals were fed a high-fat/high-sucrose diet (HF) (36% fat, 16.6% sucrose, ref. 260HF (5.5 kcal g −1 ), SAFE Diets) and the other half a standard control diet (CD) (5.1% fat, 4.4% total sugars, ref A03 (3.4 kcal g −1 ), SAFE Diets) during 10 weeks ad libitum without any controlled physical activity. Mothers were killed after nursing and offspring at 3 months of age, as described above. Selected skeletal muscles, fat depots and organs were dissected out and weighed in order to estimate changes in body composition and/or collected and stored at −80°C for further measurements.
Intraperitoneal glucose tolerance test
An intraperitoneal glucose tolerance test (ipGTT) was performed at 12 weeks of age after 16 h of fasting. Glucose was injected intraperitoneally at 1 g kg −1 body weight. Blood glucose was measured in blood from tail veins before injection (time 0 min) and 5, 10, 15, 20, 25, 30, 35, 40, 45, 60, 90 and 120 min after glucose injection, using an Accu-Chek glucometer (Roche Diabetes Care, Meylan, France). Area under the curve was related to time 0 min. Blood samples were collected at time 0 min to determine plasma insulin using commercial radioimmunoassay (RIA) kits (Merck Millipore Corporation, Darmstadt, Germany).
Intraperitoneal insulin tolerance test
At 13 weeks of age, an intraperitoneal insulin tolerance test (ipITT) was performed on pups from each group. Rats were fasted for 6 h. Insulin was intraperitoneally injected at 1 mIU g −1 body weight. Blood glucose was measured in blood from tail vein before injection (time 0 min) and 20, 40, 60, 90 and 120 min after insulin injection using an automated blood glucose analyser (Sensostar, DiaSys Diagnostic Systems, Holzheim, Germany). Area over the curve was related to time 0 min. Blood samples were collected at time 0 min to determine plasma insulin by RIA kit (Merck Millipore Corporation).
Insulin load test and analysis of insulin signalling in tissues
After a 6 h fast, 13-week-old rats were intraperitoneally injected either with physiological saline (NaCl 0.9% w/v) (CTCD−, CTHF−, TRCD−, TRHF−) or with insulin (10 mIU g −1 body weight) (CTCD+, CTHF+, TRCD+, TRHF+). Rats were killed 15 min after injection, and gastrocnemius muscle and liver were rapidly removed and frozen. Protein kinase B (PKB) phosphorylation level, as an indicator of insulin pathway activation, was determined by western blotting (Vial et al. 2015) . 
Pancreas insulin content
Pancreas total insulin content was determined in pancreas from rats injected with NaCl during the insulin load test. Pancreata were removed just after the animals were killed and stored at −80°C. They were then homogenized in 6 mL of 0.18 M HCl in 70% ethanol and incubated overnight on a rotating wheel (20 r.p.m.) at 4°C. The day after, homogenates were sonicated twice for 10 s and then incubated for 2 days on a rotating wheel (20 r.p.m., 4°C). Then, homogenates were centrifuged (150 g, 5 min, 4°C) and supernatants collected and centrifuged (3200 g, 20 min, 4°C). The resulting supernatants were collected and stored at −80°C until the insulin content assay with RIA kit (Merck Millipore Corporation).
Islets isolation and glucose-stimulated insulin secretion test
Pancreatic islets isolation was performed on the rats used for ipGTT and ipITT after a 1 week recovery period. Rats were anaesthetized as described above. A laparotomy was performed and the pancreas was exposed as much as possible. The pancreatic duct was clamped with a haemostat at its duodenal insertion ensuring J Physiol 595.23 no injury to the pancreatic tissue. The bile duct at the proximal end was isolated. It was cut with fine scissors at one-third of the way across and a 26 G catheter was inserted and fixed in the bile duct. A collagenase solution (10 mL of 1 mg mL −1 collagenase from Clostridium histolyticum type XI (Sigma-Aldrich, Saint-Quentin Fallavier, France) in Hanks' balanced salt solution (HBSS)) was slowly injected. The pancreas was removed carefully and put in a tube containing 7.5 mL HBSS at 4°C and then transferred to a waterbath pre-set at 37°C for 11 min. After incubation, the tube was vigorously shaken by hand for 15 s and 25 mL of HBSS, 5% fetal bovine serum (FBS) was added. The tube was centrifuged (250 g, 2 min, 4°C). The supernatant was poured off and the pellet filtered through a wire mesh. After the addition of 25 mL of HBSS, 5% FBS, the tube was centrifuged (250 g, 2 min, 4°C) and the supernatant poured off. The washing procedure was repeated two more times. After the last centrifugation, 5 mL of the supernatant was kept with the pellet. A density gradient was then prepared by pouring 10 mL of Histopaque 1.119 (Sigma-Aldrich) in a 50 mL tube. This phase was overlaid with 10 mL of Histopaque 1.077. Islets were then resuspended in 7.5 mL Histopaque 1.119 + 3.5 mL Histopaque 1.077. The suspension was layered on the Histopaque 1.077 phase followed by 10 mL of HBSS on top. The gradient was centrifuged (1750 g, 20 min, 20°C) with slow acceleration and no braking. The islets were then collected from each of the interfaces and washed 3 times in 25 mL of HBSS, 5% FBS (once at 350 g, 5 min, 4°C and 2 times at 250 g, 2 min, 4°C). The islets were then cultured overnight at 37°C in RPMI, 10% FBS, 1% sodium pyruvate, 1% antibiotic/antimycotic solution. The day after, the islets were incubated with glucose to determine their insulin release capacity. After 1 h preincubation in 2.8 mM "low" glucose medium at 37°C, islets were incubated for 1 h at 37°C in 2.8 mM "low" glucose medium and supernatants were collected. Islet insulin secretion was then stimulated by incubation with 16.7 mM "high" glucose medium for 1 h at 37°C and supernatants were collected. Residual total insulin in the islets was extracted in 0.18 M HCl, 70% ethanol and collected. Samples were stored at −80°C until insulin assay by RIA kit (Merck Millipore Corporation). Islet insulin secretion index was calculated by dividing the insulin concentration in the medium after "high" glucose incubation by the insulin concentration in the medium after "low" glucose incubation.
In situ study of mitochondrial respiration
The mitochondrial respiration was studied in situ in saponin-skinned fibres from plantaris muscle after a 16 h fast as previously described (Kuznetsov et al. 2008) . Briefly, fibres were separated under binocular microscope in solution A (2.77 mM CaK 2 EGTA, 7.23 mM K 2 EGTA (100 nM free Ca 2+ ), 6.56 mM MgCl 2 (1 mM free Mg 2+ ), 20 mM taurine, 0.5 mM DTT, 50 mM potassium methane sulfonate (160 mM ionic strength), 5.7 mM Na 2 ATP, 15 mM creatine phosphate, 20 mM imidazole, pH 7.1) at +4°C and permeabilized in solution A added with 50 μg mL −1 of saponin for 30 min. Permeabilized fibres were then rinsed for 15 min in solution B (2.77 mM CaK 2 EGTA, 7.23 mM K 2 EGTA (100 nM free Ca 2+ ), 6.56 mM MgCl 2 (1 mM free Mg 2+ ), 20 mM taurine, 0.5 mM DTT, 50 mM potassium methane sulfonate (160 mM ionic strength), 3 mM phosphate, 2 mM ADP, and 2 mg mL −1 fatty acid-free bovine serum albumin (BSA), 20 mM imidazole, pH 7.1) to wash out adenine nucleotides and creatine phosphate. For each muscle, 3-8 mg of skinned fibres were incubated in 1.5 mL of solution B at +22°C under continuous stirring and their oxygen consumption was measured using a Clark-type electrode (Hansatech Oxygraph Instruments, Pentney, King's Lynn, UK) . After measurements, fibres were removed, dried and weighed. Respiration rates were expressed as micromoles of oxygen per minute per gram of dry weight.
Mitochondrial metabolism was studied using a protocol adapted from Ponsot et al. (2005) . Stepwise additions of substrates: pyruvate (10-1500 μM), palmitoyl-D, L-carnitine (PC; 10-400 μM), or palmitoyl coenzyme A (PCoA; 10-400 μM) were done until the maximal respiration rate was reached in the presence of 2 mM ADP, 4 mM malate and 2 mM carnitine (added at the beginning of PCoA protocol). Under these conditions, the available substrate concentration is the only limiting factor of the mitochondrial respiration. Apparent affinity constant values (K m ) for pyruvate, PCoA and PC were calculated using a non-linear mono-exponential fitting based on the Michaelis-Menten model equation. As an internal control for compromised integrity of mitochondrial preparation, mitochondrial membrane permeability was randomly assessed with the addition of cytochrome c at the end of protocols (Kuznetsov et al. 2008) .
Western blotting
Total content and/or phosphorylation levels of proteins were determined by western blotting using antiphosphoenolpyruvate carboxykinase (Santa Cruz Biotechnology, Santa Cruz, CA, USA), cat. no. sc-32879, RRID:AB 2160168), anti-fatty acid synthase (Cell Signaling Technology, cat. no. 3180S, RRID:AB 2100796) and anti-glycogen synthase kinase-3 (GSK3, Cell Signaling Technology, cat. no. 9315, RRID:AB 490890, pGSK3, Cell Signaling Technology, cat. no. 9323, RRID:AB 2115201) antibodies. Liver samples were homogenized in a buffer containing 50 mM Tris, 50 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.1% SDS, 5% glycerol, 1 mM Na 3 VO 4 supplemented with a protease inhibitor cocktail (Complete EDTA free, Sigma Aldrich). Proteins were subjected to SDS-10% PAGE and separated proteins were transferred to polyvinylidene difluoride (PVDF) membranes that were incubated overnight with primary antibodies. The antibody-protein duo was marked with a horseradish peroxidase-conjugated secondary antibody (Millipore, cat. no. AQ132P, RRID:AB 92785 or AbD Serotec, cat. no. 172-1019, RRID:AB 11125143) and revealed with enhanced chemiluminescence as described above.
Hepatic glycogen concentration
A quantity of 100 mg of liver was hydrolysed in KOH for measurements of glycogen by a method derived from Keppler and Decker (Keppler & Decker, 1974) . Glucose obtained from hydrolysis was determined with a Glucose Assay Kit (Sigma Diagnostics, Isle d'Abeau, France).
Enzymatic assays
Liver and gastrocnemius muscle samples were homogenized at 4°C in PBS supplemented with protease and phosphatase inhibitor cocktails. Citrate synthase (CS, EC:2.3.3.1) activity was assessed according to Srere (Srere & Brooks, 1969 ) on homogenates at 30°C. Results were expressed as μmol min −1 (g protein) −1 . Activity of the 3-hydroxyacyl-coenzyme A (CoA) dehydrogenase (HAD, EC 1.1.1.35) was assessed by measuring the decrease in absorbance at 340 nm resulting from the oxidation of nicotinamide adenine dinucleotide (NADH) and the reduction of S-acetoacetyl-CoA. The measurement was performed in 60 μM EDTA, 200 μM NADH, H + , 40 mM imidazole, pH 7. After the initial measurement (non-specific activity), 50 μM S-acetoacetyl-CoA was added to determine the specific activity expressed in μmol min −1 (g protein) −1 . Enolase (EC 4.2.1.11) activity was determined by incubating 1 mg protein of homogenate in 2 mM 2-phosphoglycerate (2-PGA), 50 mM imidazole, 4 mM magnesium acetate, 40 mM KCl, 0.2% BSA, 2 mM ADP, 3 U mL −1 pyruvate kinase, 5 U mL −1 lactate dehydrogenase and 1 mM β-NADH at 37°C. Total activity was determined by measuring optical density at 340 nm for 10 min. Non-specific activity was assessed in the same conditions but without 2-PGA. Specific activity was then calculated by subtracting non-specific activity from total activity and results were expressed as μmol min −1 (g protein) −1 .
Statistical analysis
Data were expressed as means ± SEM. Data were analysed for specific effect of the diet or the maternal training, using Student's t tests or two-way ANOVAs with the Holm-Sidak post hoc test. Kruskall-Wallis tests were applied when Data are means ± SEM (n = 10 for CT and n = 8 for TR). Fat mass was calculated as the sum of retroperitoneal, urogenital and mesenteric fat depots. Muscle mass was calculated as the sum of gastrocnemius, plantaris and soleus muscles. n.s., not significant.
values were not normally distributed. P < 0.05 was considered significant.
Results
Exercise training before and during gestation does not alter maternal body composition and food consumption
Body weight of female Wistar rats was monitored for both groups during breeding, mating and gestation (Table 1) . There was no difference between the two groups in maternal body weight at the beginning of the study (196 ± 7 g vs. 199 ± 9 g for CT and TR groups, respectively), after the first 4 weeks of training (250 ± 8 g vs. 250 ± 6 g for CT and TR groups, respectively) and after lactation (262 ± 9 g vs. 255 ± 6 g for CT and TR groups, respectively). There was no significant difference in relative tissue weights between the groups. Food intake was similar in the two groups throughout the entire protocol including the lactating period (Table 1) .
Exercise training before and during gestation has no effect on the litter size and sex ratio but decreases offspring body weight
At birth, the number of pups and the sex ratio per litter were not significantly different between CT and TR groups (Table 2) . However, the number of male pups per litter tended to be higher in the TR group compared to the CT group (P = 0.057). Offspring body weight was measured at postnatal days 7, 14 and 21. Pup body weights were J Physiol 595.23 Table 2 . Litter outcomes
Litter size 11.4 ± 0.9 13.1 ± 0.6 n.s. Number of males 5.1 ± 0.5 6.8 ± 0.7 n.s. Number of females 6.3 ± 0.7 6.3 ± 0.5 n.s. D7 body weight (g)
16.4 ± 0.5 13.9 ± 0.5 * P = 0.003 D14 body weight (g) 33.5 ± 0.9 31.0 ± 1.0 n.s. D21 body weight (g) 53.5 ± 1.3 49.0 ± 1.5 * P = 0.036
Data are means ± SEM (n = 10 for CT and n = 9 for TR). * P < 0.05 vs. CT. D7, D14, D21: postnatal day 7, 14, 21. n.s., not significant.
estimated by averaging pup body weights for each litter. Pups from TR mothers showed a lower body weight at postnatal days 7 and 21, and a tendency to be lower at day 14 (P = 0.087) when compared with pups from the CT group (Table 2) .
Offspring body weight and fat mass are increased by HF diet and decreased by maternal training
Offspring caloric intake was higher during the first 8 weeks of diet, except during the third week of diet, in HF group when compared with CD group (Fig. 1) . Additionally, HF fed rats gained more weight during the 10 weeks of HF diet exposure compared with CD rats (Fig. 1) and were heavier at 3 months of age (Table 3) . Body weight gain was significantly smaller in offspring from TR dams compared with those from CT dams from the 9th week to the end of the diet (−5 to −9%, P < 0.05), whatever the diet (CD or HF) (Fig. 1) . Neither maternal exercise nor HF diet modified kidney, muscle or pancreas weight. HF diet fed rats showed higher liver and fat masses (Table 3) . However, under HF diet, offspring fat mass was lower in TR rats when compared with CT rats (Table 3) .
HF diet reduces glucose tolerance and increases insulinaemia independently of maternal training
The 16 h-fasting glycaemia was higher in TRHF rats compared with TRCD and CTCD rats ( Fig. 2A) . Basal insulinaemia was higher in animals fed the HF diet compared with rats fed the CD (+307%, P < 0.05) ( Table 4) . During the ipGTT, glycaemia of CTHF and TRHF rats was higher than that of CTCD and TRCD rats ( Fig. 2A) . Area under the curve, used as a measure of overall glucose disposal, was higher in CTHF and TRHF rats compared with TRCD rats (inset Fig. 2A ).
Maternal training and 10 weeks of HF diet consumption do not modify offspring insulin tolerance
After a 6 h fast, CTHF and TRHF animals showed a higher glycaemia compared with CTCD and TRCD animals (+15%, P < 0.05) ( Table 4) . After insulin injection, blood glucose levels were not different between the four groups during the whole test (Fig. 2B) . Area over the curve during ipITT was not affected by maternal exercise or HF diet (inset Fig. 2B ).
Maternal training and HF diet increase muscle insulin pathway activation
The insulin signalling pathway was studied by measuring the ratio of the level of the phosphorylated form of PKB (pPKB) over its total content (PKB) both in liver (Fig. 3A) and gastrocnemius muscle (Fig. 3B ) after either a NaCl or an insulin load. In liver, insulin pathway activation Maternal exercise reduces offspring body weight gain whatever the diet Rat offspring caloric intake was measured during the 7 weeks following weaning (A). Body weight was monitored for 10 weeks after weaning (B). Data are means ± SEM; n = 4-9 in A and n = 25-32 in B. * P < 0.05 vs. CTCD, $ P < 0.05 vs. CTHF, § P < 0.05 CTHF and TRHF vs. control diet groups (CTCD + TRCD). Data are means ± SEM (n = 24, n = 6-8 for liver glycogen concentration) and were analysed for diet or training effect against their respective control groups with: * P < 0.05 vs. CTCD, † P < 0.05 vs. TRCD, ‡ P < 0.05 vs. CTHF. Fat mass was calculated as the sum of retroperitoneal, epididymal and mesenteric fats depots. Muscle mass was the sum of gastrocnemius, plantaris and soleus muscles. Data are means ± SEM (n = 5-12) and were analysed for diet or training effect against their respective control groups with: * P < 0.05 vs. CTCD, † P < 0.05 vs. TRCD.
was not affected by maternal training nor by 10 weeks of HF diet since the pPKB/PKB ratios were similar between the four groups whether in basal (after NaCl injection) or in stimulated conditions (after insulin load injection) ( Fig. 3A and C) . In gastrocnemius muscle, HF diet had an overall effect on pPKB/PKB ratio with an increase in basal conditions (+96%, P < 0.001). In insulin-stimulated conditions, HF diet and maternal training had an overall effect on the increase of the pPKB/PKB ratio (+71% and +48%, P < 0.001 and P < 0.05, respectively) ( Fig. 3B  and D) .
Maternal training and HF diet have no effect on pancreatic insulin content
Pancreatic insulin content was not affected by maternal exercise nor HF diet (Table 4) .
HF diet increases islet insulin secretion index
Insulin secretion from isolated islets was not significantly different between the four groups, whether in low glucose or in high glucose conditions (data not shown). The islets' insulin secretion index was higher in rats fed a HF diet (+38% vs. CD, P < 0.05) whatever the maternal training condition (TR or CT) (Fig. 4) .
Maternal training increases offspring muscle mitochondrial affinity for pyruvate and PCoA under CD
Apparent affinity constants for substrates (K m ) are reported in Table 5 . For pyruvate, the K m was significantly lower in TRCD rats compared with CTCD rats (−46%, P < 0.05). Moreover, maternal training had an overall effect on the reduction of K m for pyruvate. For PCoA substrate, the K m was also significantly lower in the TRCD group compared with CTCD (−58%, P < 0.05) and TRHF (−71%, P < 0.05) groups, and showed a high tendency to be lower compared with the CTHF group (−25%, P = 0.059). For PC, the K m was similar in the four groups. Maximal oxygen consumption (V max ) in the presence of pyruvate and PC was similar in the four groups (Table 5) . V max with PCoA substrate was higher in HF animals compared with CD animals and higher in CTHF rats vs. CTCD rats (+35%, P < 0.05) ( Table 5 ).
Expression and activity of enzymes of carbohydrate and lipid metabolism and glycogen content in liver
Liver CS activity was significantly lower in offspring from TR dams compared with those from CT dams (−43%, J Physiol 595.23 P < 0.05) ( Table 6 ). Liver HAD and enolase activities were lower in rats fed the HF diet (−24% and −16%, respectively, P < 0.05) whatever the maternal training condition (TR or CT) (Table 6 ). Additionally, enolase activity was lower in TRHF rats compared with CTHF rats (Table 6 ). Liver phosphoenolpyruvate carboxykinase (PEPCK) expression was not affected by HF diet nor maternal exercise (Table 6 ). Both maternal training and HF diet had an overall lowering effect on the hepatic fatty acid synthase (FAS) activity (Table 6 ). Total GSK3 expression was reduced in rats fed a HF diet compared with those fed a CD and tended to be lower in offspring from TR dams compared with those from CT dams (data not shown). However, the pGSK3/GSK3 ratio (Table 6 ) and pGSK3 level (data not shown) were similar between the four groups. Liver glycogen content was significantly lower in offspring fed a HF diet compared with those fed a CD (−31%, P < 0.05) ( Table 3) .
Discussion
In this study, we show that submaximal maternal endurance training before and during gestation is associated with: (i) a reduction in 3-month-old offspring body weight gain whatever the diet, (ii) a lower fat mass when offspring is fed a high-fat/high-sucrose diet, (iii) a change in carbohydrate and lipid metabolism indicators in offspring muscle and liver, depending on its nutritional status but (iv) without any changes in pancreas insulin content or islets' insulin secretion. The aim of this work was to study the effects of a maternal submaximal training during gestation on body composition, pancreatic function and energy substrate handling of the offspring fed an unbalanced diet. For that, we trained female rats before and during gestation in the same way as in previous work from our group (Quiclet et al. 2016) and studied 3-month-old male offspring fed a control diet (CD) or a high-fat/high-sucrose diet (HF) Rat offspring underwent an ipGTT at 3 months of age (A) to assess whole body glucose tolerance. Following a 16 h fast, glucose was intraperitoneally injected at 1 g kg −1 body weight. Blood glucose levels were monitored before injection (0) and 5, 10, 15, 20, 25, 30, 35, 40, 45, 60, 90 and 120 min after glucose injection. Inset graph shows the areas under the curve of ipGTT related to the value at T = 0 min. Rat offspring also underwent an ipITT at 3 months of age (B) to assess whole body insulin sensitivity. Following a 6 h fast, insulin was intraperitoneally injected at 1 mIU g −1 body weight. Blood glucose levels were monitored before injection (0) and 10, 20, 30, 40, 50, 60, 90 and 120 min after insulin injection. Inset graph shows the areas over the curve of ipITT related to the value at T = 0 min. Data are means ± SEM; n = 8-12. * P < 0.05 vs. CTCD, # P < 0.05 vs. TRCD.
from weaning and during 10 weeks. As we culled litters to eight pups, offspring body weight reached a similar level at 28 days of age. We then measured offspring body weight from weaning until 3 months of age. The lower body weight gain in offspring from TR dams, whatever the diet (CD or HF), is consistent with a study conducted on mice swimming during gestation showing a decreased body weight in offspring from trained dams until 2 months of age (Wasinski et al. 2015) . However, these early effects of maternal exercise on offspring body weight up to 3 months of age would be masked as offspring become older (>7 months), probably due to catch-up growth (Carter et al. 2013; Quiclet et al. 2016) . In our study, HF diet is associated with an increase in measured fat mass and liver mass. Increase in liver mass is mainly attributable to the overall increase in body weight since the relative liver weight as a function of body weight is not different between groups (data not shown). The fat mass increase under a HF diet is, however, only partly explained by the increase in body weight since fat mass as a function of body weight is also higher in HF groups (data not shown). The lower fat mass that we observed in HF offspring from TR dams compared with those from CT dams is consistent with others who have previously reported a reduced fat mass gain in offspring from trained mothers (Wasinski et al. 2015; Sheldon et al. 2016) . The underlying mechanism of that reduction in weight and fat mass gain in the offspring from TR dams is yet to be characterized. Although food intake was similar in our study, the lower body weight and fat mass gain in the offspring from TR dams could be explained by the result of Wasinski et al. who showed that HF diet-fed adult offspring used more calories during daytime compared with offspring from sedentary mothers (Wasinski et al. 2015) . This was associated with an increase in adiponectin and a decrease in leptin expression in skeletal muscle and a reduction of Dnmt31 expression in white adipose tissue. Maternal exercise could also affect offspring basal and glucose metabolisms via altered gene expression and hormone levels in skeletal muscle and white adipose tissue suggesting that offspring from TR dams could be protected against obesity and insulin resistance. However, in our study, maternal exercise has no effect on offspring glucose tolerance and insulin sensitivity at 3 months of age. This contrasts with data from other studies in which treadmill maternal training was associated with a decrease in glucose tolerance at 7 months of age (Quiclet et al. 2016) , whereas voluntary 
. Muscle insulin pathway activation is increased by maternal exercise and HF diet
Rat offpring underwent an insulin load test at 3 months of age to assess liver (left) and muscle (right) insulin pathway activation as an indicator of insulin sensitivity. Insulin bolus was intraperitoneally injected at 10 mIU g −1 body weight to half of the rats in each group (CTCD+, CTHF+, TRCD+ and TRHF+) and the others were injected with NaCl (CTCD−, CTHF−, TRCD− and TRHF−). Liver (A) and gastrocnemius muscle (B) samples were collected 15 min after injection in order to determine pPKB/PKB ratio (Ser473) by western blotting. Representative western blots showing phosphorylated and total (pPKB and PKB, respectively) PKB content in liver and gastrocnemius muscle (C and D, respectively). Quantification of the signals was expressed in arbitrary units. Data are means ± SEM; n = 8. * P < 0.05 vs. CD−; $ P < 0.05 vs. CT+; # P < 0.05 vs. CD+. Data are means ± SEM (n = 7-15) and were analysed for diet or training effect against their respective control groups with: * P < 0.05 vs. CTCD, † P < 0.05 vs. TRCD, ¥ P < 0.05 vs. control groups (CTCD + CTHF). § P < 0.05 global effect of the diet: high-fat diet groups (CTHF + TRHF) vs. control diet groups (CTCD + TRCD).
maternal exercise was associated with an increase in glucose tolerance and with a reduction in glycaemia and insulinaemia (Carter et al. 2012 (Carter et al. , 2013 Stanford et al. 2015; Vega et al. 2015) . These discrepancies could be due to the fact that, in these studies, offspring glucose homeostasis was checked at an older age compared with ours (8-16 months vs. 3 months in our work). Another reason could be that maternal exercise was performed throughout gestation and during the first 2 weeks of lactation in the studies of Carter et al. (2012 Carter et al. ( , 2013 while in our case, mothers did not exercise during lactation. This reinforced the importance of the maternal/offspring environment during the lactation period for the future offspring health, calling for further studies on the lactation period. However, we observed an increase in fasting insulinaemia and glycaemia in HF animals and a reduction in their Offspring pancreatic islets were isolated at 3 months of age in order to assess their insulin secretory capacity. The day after isolation, islets were incubated in a low glucose concentration (2.8 mM) medium and then in a high glucose concentration (16.7 mM) medium. Supernatants were collected and islets' insulin secretion determined by RIA. Insulin secretion index was calculated by dividing insulin concentration in the medium after high glucose incubation by that after low glucose incubation. Data are means ± SEM; n = 11-12. § P < 0.05 vs. control diet groups (CTCD + TRCD).
glucose tolerance. These results have also been reported in other studies (Nakajima et al. 2015) . These early signs of T2DM observed under HF diet are not associated with a change in overall insulin sensitivity during ipITT. The reduction in glucose tolerance in HF rats could result from an exhaustion of pancreatic β cells that could not secrete enough insulin in response to an increase in blood glucose (Triplitt et al. 2000) . In order to confirm this hypothesis, we isolated pancreatic islets in order to measure their insulin secretory capacity by calculating the insulin secretion index. Surprisingly, we did not find any difference in islets' insulin secretion between the four groups, whether after low glucose or high glucose incubation. Others have shown that a high-fat diet was able to increase circulating levels of insulin and pancreatic insulin content through an elevated insulin translation (Kanno et al. 2015) . Our results suggest that such regulation was not involved here since pancreatic insulin content was not significantly different between groups. However, the insulin secretion index of HF animals is increased compared with the islets of CD animals while it has been reported unchanged after a high-fat/high-sucrose diet in previous studies (Sauter et al. 2008; Tang et al. 2014) . This higher insulin secretory capacity of the islets could be due to a stimulatory effect on the accumulated lipids in the pancreas due to HF diet exposure, as suggested by others (for review, see Nolan & Prentki, 2008) . We also studied the liver in offspring as one of the main organs involved in glucose handling. Surprisingly, we observed a reduction in liver CS activity suggesting a decrease in mitochondrial density in offspring from TR dams. Indeed, maternal exercise is generally associated with an increase in markers of mitochondrial biogenesis such as PGC1-α and TFAM in offspring liver and adipose tissue (Raipuria et al. 2015; Sheldon et al. 2016) . Maternal training and HF diet are both associated with a reduction in liver FAS expression as in previous works showing that physical exercise is associated with a reduction in liver FAS mRNA expression in animals fed a high-fat diet (Cho et al. 2014; Wu et al. 2015) . In our study, animals were exposed to the HF diet from weaning. Muscle CS (μmol min −1 (g protein) −1 ) 63.8 ± 13.9 47.8 ± 9.7 51.6 ± 4.0 45.9 ± 9.0 HAD (μmol min −1 (g protein) −1 ) 83.5 ± 14.0 143.9 ± 57.8 98.8 ± 7.6 112.9 ± 13.8 Enolase (μmol min −1 (mg protein) −1 )
1 . 6± 0.1 1.3 ± 0.2 1.6 ± 0.2 0.9 ± 0.1
Data are means ± SEM (n = 6-8) and were analysed for diet or training effect against their respective control groups with: † P < 0.05 vs. TRCD; ‡ P < 0.05 vs. CTHF, ¥ P < 0.05 vs. control groups (CTCD + CTHF), § P < 0.05 vs. control diet groups (CTCD + TRCD). PEPCK, phosphoenolpyruvate carboxykinase.
Such early exposure of the organism to high amounts of circulating substrates may induce adaptive mechanisms in some developing tissues including a reduction of the amount of enzymes involved in lipogenesis such as FAS. This hypothesis could be confirmed by a study conducted on 6-week-old Wistar rats fed a high-fat diet from this early age to 16 weeks of age that showed a significant reduction in liver FAS mRNA expression in high-fat fed animals compared with standard-diet fed animals (Brockman et al. 2014) . That lower FAS expression could limit lipogenesis, suggesting that maternal training would affect offspring lipid metabolism. This positive effect of maternal exercise is consistent with the work of Sheldon et al. (2016) where maternal exercise protected adult offspring from HF diet-induced hepatic steatosis and was associated with increased hepatic triacylglycerol secretion/exportthus preventing hepatic steatosis (Sheldon et al. 2016) . To our knowledge, our study is the first to explore the effects of maternal chronic exercise on the expression and activity of some enzymes involved in lipid metabolism in the offspring. The reduction in liver HAD activity in HF rats suggests that this diet would reduce the capacity to use lipids in liver in a similar manner to other studies (Vial et al. 2011) . We also observed a reduction in enolase activity in liver of HF animals suggesting that HF diet could limit hepatic glycolysis, as already shown in a study on rats consuming a high-fat diet . Moreover, hepatic glycogen concentration was significantly reduced in offspring fed a HF diet. The reduction in liver glycogen concentration in HF rats cannot be solely explained by the increase in liver weight of HF rats attributable to lipid accumulation, compared to that of CD rats. Indeed the increase in liver weight is 11-16% while the decrease in liver glycogen concentration was by about 30%. This suggests that the absolute liver glycogen content is lower under HF diet, whatever the training status.
Besides the liver, we explored the offspring skeletal muscle as another important tissue in the regulation of glucose handling. The increase in pPKB/PKB ratio in the muscle of HF rats under basal conditions (NaCl injection) is probably the consequence of the increase of insulinaemia in these animals. Under insulin-stimulated conditions, pPKB/PKB ratios were significantly increased by HF diet and maternal training in the gastrocnemius muscle. These results suggest that maternal exercise and early high-fat/high-sucrose diet exposure may enhance insulin sensitivity in muscle but not in liver where pPKB/PKB ratios were similar in the four groups under basal and insulin-stimulated conditions. This positive effect of maternal training on offspring insulin sensitivity has been previously described in the literature (Carter et al. 2012 (Carter et al. , 2013 Wasinski et al. 2015) . However, the increase in pPKB/PKB ratio in the muscle of HF animals is surprising. Indeed, high-fat diet consumption is generally associated with a reduction in PKB phosphorylation compared with the standard diet (Nascimento et al. 2006; Cao et al. 2012) while sucrose consumption would have no impact on muscle PKB phosphorylation (Ruzzin et al. 2005) . This surprising association between HF diet ingestion and the increase in muscle pPKB/PKB ratio might be due to the fact that, in our study, the rats consume this HF diet from weaning. That could modify the maturation of some tissues (Torres-Rovira et al. 2013; Sheen et al. 2016 ) such as skeletal muscle, liver, adipose tissue or pancreas. Skeletal muscle early exposure to high blood insulin concentrationsdue to HF diet consumption could set up compensatory mechanisms as an increase in insulin pathway activation in response to a stimulation. The development of this protective mechanism against insulin resistance could explain why we observed no differences between CD and HF animals during ipITT. These changes in skeletal muscle insulin sensitivity in J Physiol 595.23 the offspring were associated with metabolic changes. Plantaris muscle mitochondrial affinity for PCoA and pyruvate was increased, as judged by the lower respective K m values, in offspring from TR dams under CD. Such modifications in substrate affinity are less described than those for ADP (Zoll et al. 2003 ) but according to Ponsot et al. (2005) , change in pyruvate affinity could indicate that the pyruvate carrier, the pyruvate dehydrogenase (PDH) enzyme and/or Krebs cycle could be intrinsic limiting factors for substrate delivery to mitochondrial respiration in the skeletal muscles. This suggests that maternal exercise could induce changes in mitochondrial properties and function in offspring muscle leading to a better access of PCoA and pyruvate to the mitochondrial respiratory chain. Moreover, the larger decrease in K m for PCoA than for pyruvate would signify, according to the Michaelis-Menten model, that there is a higher mitochondrial affinity for lipids. This would signify that even a small change in substrate concentration would have a large impact on the mitochondrial respiration thus helping their use even at low concentrations. We can then speculate that there would be less storage of lipids, thus contributing to the reduced fat mass gain in offspring from TR dams. In animal models challenging the metabolism, changes in kinetic properties of the mitochondria such as affinity for substrate (as reflected by the K m value) have been reported to be associated with alterations in plasma free fatty acids, body weight and fat mass (Malgoyre et al. 2017 ). Although we did not measure any plasma nor muscle lipid content, the reported changes in the mitochondrial affinity for PCoA and pyruvate could be therefore linked to such changes. Moreover, as we observed no changes in muscle affinity for PC, maternal training may have a specific effect on carnitine palmitoyltransferase-1 (CPT1), necessary to the PCoA but not to the PC to enter the mitochondria. However, the effect of maternal exercise on mitochondrial affinity for carbohydrates and lipids disappeared if offspring were fed a HF diet. Such a reduction of muscle mitochondrial respiration after high-fat diet consumption has already been shown for carbohydrates as substrates but not for lipids (Skovbro et al. 2011 ).
Conclusion
This study shows that compulsory maternal exercise during gestation (i) has a positive impact on young adult offspring skeletal muscle energy substrate handling at the mitochondrial level, (ii) alters offspring body composition, and (iii) limits fat mass increase when exposed to an early high-fat high-sucrose diet. Most studies on the consequences of maternal exercise during pregnancy have focused on the mother, the fetus or the newborn. However, its long-term effects on the offspring are still under debate. These new findings should be taken into account to amend the existing exercise recommendations for pregnant women in order to improve the future health of the offspring or to prevent the onset of metabolic disease in the offspring, especially in the context of an unhealthy or unbalanced diet.
